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Introduction
Small area population projections are very useful for planning purposes such as ensuring public services under local government responsibility (aqueducts, parks, waste collection, etc.) (Foss, 2002; Isserman, 1984; Swanson & Pol, 2008) . The planning of local services and needs including childcare and services for the elderly, also require information on the future composition of the population on a local level (Harding, Vidyattama, & Tanton, 2011) . However, most demographic projections are conducted on national or regional levels and these are mainly used for planning public policies on a broader scale.
Small area population projections can also be used as a prospective approach to measuring the impact of a change in public policy on the population's spatial distribution (Ballas, Clarke, & Wiemers, 2005; Wilson, 2011) . For example, urban sprawl, which is a challenge for many metropolitan areas, affecting many policy concerns, can be assessed by and analysis of the expected population distribution produced by small area population projections (Umbelino, 2012; Waddell, 2000 Waddell, , 2002 . Some argue that urban sprawl leads to a redundancy of infrastructure because: 1) new infrastructure must be built in new developments, while existing infrastructure is underutilized in older neighborhoods and because infrastructure in low density sectors are less efficient (Barcelo & Trépanier, 1999; Burchell et al., 2002; Nechyba & Walsh, 2004) . Additionally, since many metropolitan areas are located on fertile land, urban sprawl transforms its agricultural vocation, increasing food dependency (Montminy, 2010; Roberts, 2001) . Another problem related to urban sprawl is the increasing use of cars, leading to more air pollution and more traffic congestion (Nechyba & Walsh, 2004) . While urban sprawl concerns local governments, which manage the zoning of their territory and provide some services, as well as regional and national governments, which need to ensure some consistency in the metropolitan regional development and in the development of major roads and transit, many specialists have called on authorities to regulate urban sprawl (Filion, 1993; Neuman, 2005) . However, for many reasons, urban sprawl is still ongoing and urban plans that try to limit the phenomenon are often bypassed (Brueckner, 2000; Huard, Deshaies, & Garand, 2010) .
In a previous paper, we developed a small area population projection model called LDS (Local Demographic Simulations) for the Montreal Metropolitan Community (MMC) 1 .
LDS is a time-based microsimulation model that takes into account contextual variables including residential location parameters for both external and internal migrants (Add 1 The MMC is the administrative entity of the metropolitan area of Montreal, which is located in the province of Québec in Canada. It counts about 3.6 million inhabitants in 2006 distributed in 82 municipalities. For the purpose of the projection, three municipalities have however been aggregated with an adjacent municipality because of their small population size. reference later). Among the contextual variables, the number of new housing units forecast for construction in the urban plan is a key driver of mobility and of population growth on the local level (Dittgen, 2008; Kanaroglou et al., 2009; Bergouignan, 2012) .
The objective of this paper is to project the population of municipalities of the Montreal Metropolitan Community for the 2006-2031 time horizon and assess the plausible effect of a change in urban planning on its spatial distribution. To reach this objective, results from three scenarios using different numbers of expected new housings units were compared. Furthermore, as explained later, the previous version of LDS (LDS 1.0) was adequate for forecasting purposes but needed some improvement in the modeling of internal mobility for a prospective approach to urban planning. This paper will therefore also present the main changes made to this second version of LDS (LDS 2.0).
Challenges of small area population projections
Traditional methods of demographic projections such as the cohort-component or the multi-state approaches are not appropriate for small area population projection because they are unable to account for all spatial interactions (Harding et al., 2011) .
Small areas often have small population sizes, especially when the population is disaggregated by age and sex. This means it is harder to accurately estimate the components of change for these areas (Ballas, Rossiter, Thomas, Clarke, & Dorling, 2005; Cameron & Poot, 2011; Keyfitz, 1972; Lutz, 2009) . Additionally, the geographical aspect is much more significant on a local level, where the available space for new housings units is often limited (more so than on the regional level) since many contextual variables can strongly affect population growth (Ballas, Rossiter, et al., 2005) .
Internal mobility is very volatile and it is a major component of population change on a local level. It can be affected by variables such as urban planning, physical characteristics, and distance from the downtown area as well as the socio-demographic composition of the area (Cameron & Poot, 2011; Chi, Zhou, & Voss, 2011; Murdock, Hamm, Voss, Fannin, & Pecotte, 1991) . Furthermore, the implementation of urban planning in local demographic projections is important to avoiding a potential selffulfilling effect (i.e., when the urban plan is modified to integrate previous projection results) (Murdock et al., 1991) . However, for methodological and data constraints, most small demographic projection models use traditional methods (Ballas, Clarke, et al., 2005; Birkin & Clarke, 1989; Hamilton & Perry, 1962 ; Institut de la statistique du Québec, 2010; Menthonnex, 2010; Rees, 1994; Rees, Norman, & Brown, 2004; Simpson & Tranmer, 2005; Swanson, Schlottmann, & Schmidt, 2010) . These challenges motivated us to develop the LDS with the goal of implementing contextual variables into a spatial microsimulation model.
Local Demographic Simulations (LDS)
LDS is a time-based microsimulation model that projects the population of the MMC's municipalities by age, sex, language spoken at home and immigrant status. It simulates processes and life events (e.g., mortality, fertility, residential mobility, etc.) of individuals following behavioral assumptions based on parameters derived from empirical data. The probability that each type of event occurs is calculated for each individual and the occurrence of a particular event is determined using a Monte Carlo process. Following the occurrence of an event, the characteristics of the simulated individual may change (life status can be changed to dead, place of residence can change, etc.). LDS can therefore be classified as a dynamic spatial microsimulation model as described by Tanton (2014) . Because the model has been developed specifically for the Montreal Metropolitan Community, parameters cannot be directly applied for other metropolitan regions. However, the model could be replicated for other contexts by estimating new parameters that refer to the behaviour of the population studied on the condition that this data is available.
The starting population was extracted from the 2006 Census and reweighted using population estimates to account for the net census undercount. The projection's horizon is 2031. The simulation was run until 2011 and then, a second calibration was performed using the 2011 population estimates. LDS 1.0 and its parameters are described extensively in (add reference later). Most assumptions and processes of LDS 2.0 are the same as in LDS 1.0, but internal migration and residential location are modeled differently. The mortality risks, used in the official population projection published by the provincial statistics agency (Institut de la statistique du Québec), were adjusted using relative risks for individuals who were Canadian-born as well as for established immigrants and recent immigrants. Municipality-specific fertility rates by age and language spoken at home were estimated by combining simulations and the "own children method" applied to the 2006 Census data. An adaptation of the census based on a cross-sectional method developed by Sabourin and Bélanger (2011) was used to estimate intergenerational and intragenerational language shift rates. International emigration probabilities were estimated using attrition rates, while the net emigration rate for Canadian-born citizens was assumed to be null. Parameters from logistic regressions on the place of residence one year ago using pooled data from the 2001 and 2006 censuses were used to compute probabilities of interprovincial and intraprovincial outmigration. These probabilities were calibrated to ensure that the number of simulated outmigrants corresponded to the observed numbers for the 2006-2011period. The model also distinguishes between three different sources of external migrants: international inmigrants, interprovincial in-migrants and intraprovincial in-migrants. The projected levels for each of these inflows was taken from the official population projection of the Institut de la statistique du Québec (2009) which were determined from recent trends.
Characteristics of these in-migrants were then randomly entered using a cold deck procedure based on a database of potential in-migrants created from the population living in the MMC at the time of the 2006 Census, but who were living elsewhere five years beforehand.
Modeling internal migration and residential location with LDS 1.0
The model LDS 1.0 is an innovative treatment of internal migration and residential location that combines elements from life cycle approach (Glick, 1947; Kim, Horner, & Marans, 2005; Rossi, 1955) and the random utility model (Lee & Waddell, 2010; McFadden, 1974 McFadden, , 1978 it also takes into account previous changes in local conditions when determining mobility and destination choices (Add reference later).
Municipalities are first divided into two categories (the suburbs and the central core) to compute the location-specific probabilities of moving by age, language and place of birth.
The destination choice of movers is then based on a utility function that accounts for contextual determinants of residential choice such as accessibility, development potential and linguistic composition of potential destinations. A similar function is used to estimate the allocation of a place of residence to the three types of external migrants. Parameters are estimated using conditional logistic regressions and are implemented into the microsimulation model. Assuming that migrants want to maximize the utility of attributes in the municipality they choose as their destination, this approach can be defined as follows: Let U t j be a utility function for each possible alternative j for individuals of type t, where t is the type of migrants (from the central municipality, from another suburb, from another country, from another province and from the rest of Quebec) and j the number of municipalities which has a set of z n characteristics. Thus, we have:
U t j = Utility of a municipality j for a migrant type t, j=1…J; t=1…n z kj = Value of the independent variable k for the municipality j, j=1…J; k=1…n β k = Parameter of the independent variable k, k=1…n
There are three types of internal migrants (from a suburb to the central municipality, from the central municipality to a suburb and from a suburb to another suburb), but only two need to be relocated following the utility function above, since there is only one municipality in the central area. In a prospective approach using different housing development plans, the main problem with LDS 1.0 is that migrants who are selected to move from the central municipality to the suburbs cannot consider their origin as a possible destination. Thus, assuming an increase in the number of new housing units in the central municipality will have no effect on the destination choice of these movers, since the only alternatives located in the suburbs are considered in the utility function. To solve this problem, we developed LDS 2.0 as described in the following section.
Modeling internal migration and residential location with LDS 2.0
In this new version, internal mobility is reduced to only one type of movement:
moving within the metropolitan region, regardless of the origin or destination. Unlike in LDS 1.0, those who move within the same municipality are considered. The residential location of internal and external migrants is then determined according to a process similar to LDS 1.0 (following the random utility approach) except that they are stratified according to their life cycle rather than of their origin type. We, however, maintained a separate stratum for international immigrants because their location choice at their arrival in the metropolitan area differs greatly from those of internal migrants or migrants from elsewhere in Canada (Logan, Zhang, & Alba, 2002) . Thus, in LDS 2.0, the type t of migrants, as expressed in the utility equation presented previously, doesn't refer to the type of move anymore. Rather, t types of migrants are then:
1. Those aged 0-4 and 25-34 together are the "young families"; 2. Those aged 5-19 and 35-59 together are the "families";
3. Those aged 20-24 are "young adults"; 4. Those aged 60 and over are the "seniors"; 5. International immigrants at their arrival.
This method allows the migrant to consider the municipality of origin as a possible destination. According to this stratification, in-migrants from the rest of Canada and from the rest of Quebec don't have their own utility function. However, following the literature highlighting the importance of life cycles for the residential location, this stratification of the population should better identify individual preferences (Glick, 1947; Kim et al., 2005; Landale & Guest, 1985; Rossi, 1955; South & Crowder, 1997; AEro, 2006) . LDS 2.0 therefore has 5 utility functions: one for each of the four life cycles described above and one for the international immigrants upon their arrival. (Logan et al., 2002; Rogers, Raquillet, & Castro, 1978; Rossi, 1955) . The "Regional County Municipality" 2 (RCM of residence) variable parameters show that those living on the Island of Montreal (RCM66) are less likely to move than others.
Insert table 1
We then computed a municipality-specific intensity factor by dividing the expected number of movers by municipality estimated from the parameters by the number of movers observed in the censuses. This provides the user a control over regional and local parameters for prospective analysis purposes.
Assumptions concerning the residential location modules were set using a similar method to the one described in LDS 1.0. For each stratum, parameters from conditional logic regressions using data from the question on the place of residence one year before the 2001 and 2006 censuses allowed us to implement the effect of contextual variables in the model. We tested several models using different combinations of available variables and selected the one that best predicted results for our projection. Parameters are presented in table 2.
Insert table 2
The importance of the linguistic composition of municipalities on the residential choice is highlighted. For each stratum, the proportion of francophone's has a positive effect on francophone migrants, but a negative one on others. This is consistent with previous analysis on residential location (Add reference later). We also noticed that the number of new housing units is not a relevant variable for young adults, seniors and new immigrants, meaning that they are probably not likely to seek for new housing developments. This variable only affects the families and young families strata (the largest strata).
The modeling and assumptions concerning residential location in LDS 2.0 slightly differs from those of the previous version on a few points. Because the strata are not the same, the parameters are different. Additionally, the independent variables are also not exactly set the same way: we added variables on the presence of a highway and the proportion of immigrants (only for the "new immigrants" stratum) and 
Validation of the model
Since the projection starts in 2006, we can validate the model by comparing the simulated population in 2011 (before the calibration) with available population estimates, following an approach inspired by Ballas, Clarke and Wiemers (2005) . The detailed results of the simulation are presented in column 3 of Appendix 2. The absolute percent error for the MMC is very low, 0.2%, which is not a surprise since most of the assumptions concerning population growth over this period for the entire region are derived from observed data. Table 3 presents the distribution of municipalities according to the absolute percent error. It reveals that the absolute percent error is quite low for most of the municipalities (below 5% for 63 out of 79 municipalities). Overall, the mean percentage error for the 79 municipalities is 3.4%. The highest absolute percent error is about 12% and the discrepancy is higher than 10% for only 3 municipalities, however two of them have populations below 2,000 inhabitants and other one has about 5,000
inhabitants, meaning that their gross error is still low considering that each projected individual represents about 5 people. These results are similar to those obtained with LDS 1.0, which performed very well (Add reference later).
Insert table 3
Table 4 presents the mean absolute percent error (MAPE) by population size of municipalities and population growth rate. It shows that the MAPE is lower for more populous municipalities. For areas with 50,000 inhabitants or more, the MAPE is 1.8%, which is slightly higher than 4% for those with fewer than 15,000 inhabitants. We also calculated the MAPE detailing the population by 16 age groups. The same trends were observed, however MAPEs were logically higher due to increased volatility when population is disaggregated into smaller groups.
Insert table 4
We also calculated the MAPE according to the population growth rate between 2006 and 2011 (table 4). The MAPE seems slightly higher when the population growth rate is low, however the relation is not very conclusive since the differences are small. Additionally, there was a large heterogeneity in the distribution, since many municipalities with a low population growth rate also had a low absolute percent error.
Because the MAPE doesn't adequately penalise predictions that are relatively inaccurate, we also calculated the root mean square forecasting error (RMSFE), which was 1,796, which represents 3.7% of the average population size by municipality (about 48,000). This is comparable to the MAPE, meaning that there is no important over or underestimation in the simulated population.
To verify the presence of systematic errors, we also performed a Mincer-Zarnowitz (1969) regression on the results. This process tries to explain the observed population of municipalities from the simulated one. Because of the large variations in municipality population sizes, we used the log of the predicted and observed values, as suggested by Bollerslev and Wright (2001) . The β 1 parameter resulting from this test was 0.997 which is not significantly different from 1. While the β 0 parameter was 0.04 which is also not significantly different from 0. This test revealed that the forecast is not systematically biased
Results

Population trends for 2031
The population growth rate for the entire metropolitan area is about the same (27%) for all three scenarios, which was expected since the only difference between them concerns internal migration. The population of the metropolitan area will therefore gain about 1 million inhabitants, growing from 3.6 million in 2006 to 4.5 million in 2031. The results for the three scenarios are presented by municipality in Appendix 2. We began by looking at population trends for the reference scenario (scenario A), which is the expected scenario if housing development occurs in accordance with urban planning. Figure 1 presents the population growth rates by municipality for this scenario.
Insert figure 1
It shows that the fastest growing municipalities are located on the North Shore (Mirabel On the other hand, projected growth rates of most municipalities located on the Island of Montreal are very low and some are even negative. In most cases, the number of new housing units assumed by the plan is also very small relative to population size. The municipality of Montreal (H) however, has a sizeable growth rate (25.6%, which is only slightly less than the MMC average). This is mainly because the city of Montreal is the destination of a large portion of landing immigrants. Some suburban municipalities also showed low growth rates since their development potential was also low, either because they are already fully urbanized or because they are located in protected agricultural areas.
The impact of a change in urban planning assumptions
Scenario B illustrates what would happen if urban planning seeks to restrain urban sprawl by halving the suburban development potential and increasing it on the Island of Montreal instead. Figure 2 shows the expected population growth rate by municipality between 2006 and 2031 for this scenario, while the map in Appendix 3 illustrates the relative difference in 2031 between the projected population of scenario A and scenario B.
Insert figure 2
In scenario B, the fastest growing municipalities located outside the Island of Montreal are the same as those in the reference scenario, however their growth rate is much lower.
Only 5 show a growth rate of 50% or higher compared to 14 in scenario A (reference). At the opposite end of this spectrum, no municipalities on the Island of Montreal are declining in scenario B and, moreover, the growth rate of the municipality of Montreal would be much higher (37.7% instead of 25.6%). According this scenario, more people choose to stay in Montreal to found their family. Similar results can also be reported for other municipalities located on the Island of Montreal. The number of people living in the municipality of Montreal that we classified as "family" or "young family" is only 1 percentage point higher in scenario B than in the reference scenario (69.9% vs 68.6%) and the mean age is 1.5 years lower however. Therefore, the impact on the age structure of this scenario appears quite small. This is caused by aging in place. More families stay in Montreal, but they also age there, subsequently increasing the number of elderly people. Change to internal mobility appears to affect population size rather than its age structure, which is consistent with studies on the impact of international immigration on population aging (Bijak, Kupiszewska, Kupiszewski, Saczuk, & Kicinger, 2007; Coleman, 1992 Coleman, , 2008 Marois, 2008) .
Urban sprawl is significantly reduced in scenario B, but the phenomenon remains still significant however because development potential remains high in some areas.
Therefore, the growth rate of a municipality such as Mirabel is reduced compared to scenario A, moving from 77% to 51%, but it still remains very high. This means that even with much stronger constraints in the residential development of low density suburbs, as in scenario B, urban sprawl would not be halted. Since the Montreal metropolitan region will face a significant growth in population over the coming years (about 1 million as mentioned previously), and since the space for new housing units on the Island of Montreal is limited because most of its sectors are already urbanized (Foggin & Manzagol, 1998) , it is hard to predict a plausible scenario where the number of new suburban housing units is reduced more than what was simulated for scenario B.
This result appears to support the suggestion by Brueckner (2000) , arguing that policies should also focus on the negative consequences of urban sprawl, since it cannot be reversed.
The last map (figure 3) presents the projected population growth rates by municipalities obtained from scenario C, where the expected number of new housing units on the island of Montreal is halved with compensation in the suburbs. A map is included in Appendix 4, illustrating the relative differences in projected populations in 2031 comparing this scenario with scenario A. It illustrates the possible effect of reducing constraints on urban sprawl and land protection. To begin with, we noted that for many municipalities, there is virtually no difference compared to the reference scenario. This is because even though the development potential is halved on the Island of Montreal, the overall number of new housing units transferred from the Island to the suburbs is quite small (about 14 000); they come mainly from the municipality of Montreal and are distributed among a large number of municipalities (64). Some differences for small municipalities could therefore result from a Monte Carlo error rather than the assumptions on the number of new housing units. However, the results reveal that the number of rapidly growing municipalities would be higher where 23 out of 79 are expected to have a growth rate higher than 50% from 2006 to 2031 under this scenario and all of them are located in the suburbs.
As observed in the reference scenario, scenario C shows that all the municipalities on the Island of Montreal either decline or show very small growth except for the municipality of Montreal itself which receives the majority of international immigrants. According to this finding, we can surmise that the loss of infrastructure efficiency caused by urban sprawl would be mitigated in the Montreal metropolitan area since the population in the central region is not declining -even when we assumed there would be a reduction in its residential development. However, in this scenario, the population growth rate for the municipality of Montreal (17.7%) remains lower than the entire MMC (27.4%), and is also lower than what is projected in the reference scenario (25.5%). Furthermore, for scenario B, the age structure of the central municipality is not significantly affected, since the proportion of people classified as "family" or "young family" is roughly the same as the reference scenario (68.5% vs 68.6%), as well as the mean age (40.2 vs 41).
Insert figure 3
Most of the suburban municipalities are expected to grow faster in scenario C than according to the reference scenario. This means that agricultural areas would be reduced and therefore, the negative consequences of urban sprawl could be more significant. On the other hand, future development could be different than in the past. Even if growth is significant in the suburbs, a higher density of new development could mitigate urban sprawl and its consequences (Beatley, 2000; Burton, Jenks, & Williams, 2003; Daniels, 1999) , except perhaps the problem caused by commuting to the downtown area where many jobs will likely continue to be located (Neuman, 2005) .
Conclusion
One of the main challenges of small-area population projections is taking into account local conditions that can affect local population growth. Using the random utility approach to estimate the residential location, we developed the LDS model to help solve this challenge because it projects for population on a local level using contextual parameters. This paper presents an application of the model to assess the impact of as urban sprawl cannot be avoided, it also occurs in the scenario where there are much more constraints on residential development in the suburbs. It seems that only the pace of urban sprawl can be reduced. Therefore, policies should also try to reduce the negative consequences of urban sprawl. Our results show that the age structure of the Montreal municipality is not significantly affected by different mobility patterns.
The LDS 2.0 version used in this paper resolved some of the limitations in the previous version for prospective use. However, there are other limitations which remain. LDS 2.0 still doesn't allow for a finer geographical scale than by municipality. Technically, it would be possible to project on the neighborhood level, but the development potential from the MMC development plan used for the assumptions doesn't provide detailed estimates for this level. Moreover, multiplying the number of regions could burden the model and the computation time. Another limitation also comes from the source of the assumptions on the number of new housing units. Housing type was not taken into account in the utility function, whereas the literature highlights that one of the reasons to move concerns dwelling-size, especially for young families (Beatley, 2000; Karsten, 2007; Kestens, Thériault, & Des Rosiers, 2007; Rossi, 1955; Rouwendal & Meijer, 2001; South & Crowder, 1997 
